The giant Beiya Au skarn deposit (over 300 tonnes Au metal reserve) is located in the middle part of the Jinshajiang-Ailaoshan alkaline porphyry metallogenic belt. The deposit is the largest Au skarn deposit and third largest Au deposit in China. In this paper, we present garnet U-Pb ages and trace element geochemical data from two types of skarn-related U-rich garnet from Beiya, and discuss their implications on skarn metallogenesis. Based on optical characteristics and major element compositions, the older Grt I and the younger Grt II (both belong to the grossular-andradite solid solution) are distinguishable: Grt II (Adr 69.0 Grs 26.8 -Adr 93.5 Grs 1.5 ) is slightly richer in Fe than Grt I (Adr 68.5 Grs 20.3 -Adr 86.3 Grs 3.4 ), with the average FeO contents being 25.0% and 24.5%, respectively. LA-ICP-MS garnet U-Pb dating yielded lower intercept ages of 35.8 ± 0.8 Ma (MSWD = 0.9, n = 20) and 34.0 ± 2.1 Ma (MSWD = 1.2, n = 16), respectively. These ages represent the timing of the garnet crystallization, and are consistent with published alteration ages within error, which suggests that the technique presented provides a reliable alternative in dating skarn alteration. Grt I has higher U content and lower Th/U ratio than Grt II, indicating a lower oxygen fugacity for the earlier skarn alteration. Grt II shows weak (or no) Eu anomaly and lower LREE/HREE ratios than those of Grt I, which indicates that Grt I and Grt II may have formed under a mildly acidic and nearly neutral condition, respectively. From the early prograde skarn (Grt I) to late prograde skarn (Grt II) stage, the ore-forming fluids may have changed from a relatively reduced acidic to a relatively oxidized neutral pH condition.
Introduction
Garnet is a common mineral in metamorphic rocks and hydrothermally-altered rocks such as skarn. Geochemical characteristics of garnet have been widely used to investigate complex magmatic, metamorphic and hydrothermal processes [1] [2] [3] [4] [5] [6] [7] . Dating of these processes could be achieved by garnet Sm-Nd or Lu-Hf geochronology [8] [9] [10] . Grandite garnet has commonly higher U and Th concentrations than the other garnet types because of the substitution of Fe 3+ for Al 3+ (which facilitates U 4+ incorporation [11] ), making it suitable for U-Pb dating [8, 12, 13] . Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U-Pb dating of grandite has the advantages of providing [36, 37] .
Exposed stratigraphy at Beiya comprises the Lower Triassic Qingtianbao Formation (175-350 m thick), the Middle Triassic Beiya Formation and Quaternary sedimentary rocks. The Lower Triassic Qingtianbao Formation is exposed mainly in the eastern part of the ore district (Figure 2a) , which contains arkose, hornfelsed greywacke and sandstone with basaltic volcaniclastic rocks; in contrast, the Middle Triassic Beiya Formation occupies most of the ore distinct and contains dolomitic, ferruginous, bioclastic and argillaceous limestone (138-531 m thick), which serves as the main ore host. Outcropping igneous rocks in and around the ore district include the Upper Permian Emeishan flood basalt and the Cenozoic alkaline porphyries. The Emeishan flood basalt is found in the southeastern part of the mining area. The Cenozoic alkaline porphyries include (quartz) syenite-, biotite-K-feldsparand quartz-albite porphyries [25, 27, [38] [39] [40] . Although these porphyries are widespread in the region, they are relatively rare within the ore district but are considered closely related to the mineralization.
There are two main fault systems in the district, i.e., N-and E-trending. The former is dominant, and includes the Maanshan Fault (a branch of the Jinshajiang-Honghe strike-slip fault system) that extends across western Beiya, and its secondary structures are interpreted to control the porphyry/orebody emplacement in the Wandongshan and Hongnitang ore segments [41] . The E-striking fault system is likely post-mineralized and has probably truncated/destroyed some orebodies [42] .
Ore Deposit Geology
Porphyries at Beiya include mainly quartz syenite, quartz monzonite, biotite-orthoclase, quartz-albite and a group of lamprophyre dikes. Most of them were emplaced at ca. 36.9 to 33.3 Ma [23] [24] [25] 27, [43] [44] [45] [46] [47] , except for the quartz-albite porphyry (65 Ma) and biotite-orthoclase porphyry (3.8 Ma) [40] . The Beiya quartz syenite porphyry is thought to be ore-related, and was dated as 36.1 ± 0.43 Ma [23] by zircon U-Pb, providing the minimum age of the skarn alteration. The Beiya skarn orebodies occur mostly in and/or along the intrusive contacts with the carbonate rocks of the Beiya Formation. Some stratiform orebodies are locally distributed along flat interlayer fractures and breccia zones within the Beiya Formation carbonates, as well as along the contact between the carbonates and the underlying Qingtianbao Formation sandstone. Vein-like orebodies occur within the porphyritic intrusions, and laterite-hosted orebodies have also been documented [41] . Previous studies have documented three mineralization styles at Beiya (i.e., porphyry, skarn and supergene), among which skarn mineralization is the most important.
Skarn mineralization at Beiya comprises three stages: (1) the prograde skarn is closely associated with the porphyry emplacements, and comprises anhydrous minerals such as garnet and pyroxene; (2) the retrograde alteration stage was hydrothermal titanite U-Pb dated to be 33.1 ± 1.0 Ma [48] , and contains predominantly hydrous minerals (including epidote, biotite and chlorite), magnetite, titanite, feldspar with minor scheelite and fluorite. Magnetite is the main ore mineral of this stage and formed massive orebodies; (3) the quartz-sulfide stage was molybdenite Re-Os dated to be 36.8 ± 0.5 Ma and 34.7 ± 1.6 Ma [23, 27] , and contains mainly pyrite, chalcopyrite, pyrrhotite and molybdenite. Although the mineral assemblage indicated that the quartz-sulfide stage is later than the retrograde stage, the former age (36.8 ± 0.5 Ma) is older than the age of the retrograde stage (33.1 ± 1.0 Ma) within the associated uncertainties. Possibly it is because that the samples investigated previously are from different alteration zones. Gold at Beiya occurs mainly as native gold and electrum in fractures and/or as vein-infill with pyrite, magnetite, limonite and quartz, and is precipitated in the late retrograde alteration and quartz-sulfide stage.
Samples and Analytical Methods
Most garnet grains in the Beiya deposit are low U garnet. In this study, U-rich garnet samples were selected after preliminary trace element analyses (over 200 points in different garnet samples). Two U-rich garnet-bearing rock samples for the LA-ICP-MS U-Pb dating and elemental analysis were collected from the 84ZK14 drill cores in the mineralized skarn at the Wandongshan ore segment.
Sample W281 contains mainly garnet with minor chlorite, magnetite, pyrite and chalcopyrite (Figure 3a) , whereas sample W297 occurs in an assemblage of garnet, epidote, chlorite and magnetite, with minor pyrite and chalcopyrite (Figure 3b ). Thin sections were prepared for all the samples, and were studied with optical microscopy and back-scattered electron (BSE) imaging, using a Zeiss SIGMA field-emission Scanning Electron Microscope (SEM) at the School of Earth Science and Engineering, Sun Yat-sen University (Guangzhou, China). Prior to the LA-ICP-MS analysis, major element abundance of the garnet samples was determined on thin sections using a 1720 electron probe micro-analyzer (EPMA) (Shimadzu Corporation, Kyoto, Japan) at the School of Geosciences and Info-Physics of the Central South University (Changsha, China). Operating conditions include 15 kV accelerating voltage, 10 nA beam current and a beam diameter of 2 µm. In-situ U-Pb dating and trace element analyses of garnet were performed by LA-ICP-MS at the Key Laboratory of Marine Resources and Coastal Engineering, Sun Yat-sen University. The analyses were performed using an ArF excimer laser ablation system (GeoLasPro) coupled with an Agilent 7700x ICP-MS. A 32 µm (for trace element analysis) and 44 µm (for U-Pb dating) spot sizes were used with an energy density of 5 J/cm 2 and a repetition rate of 5 Hz. The trace element compositions of garnet were calibrated against the glass standard NIST610 [49] , using Si determined by EPMA as the internal standard. Zircon 91500 [50] was used as the external standard for the U-Pb dating. Time-dependent drifts of U-Th-Pb isotopic ratios were corrected using a linear interpolation (with time) for every ten analyses, based on the variations of 91500. Zircon Plȇsovice [51] and garnet QC04 [14] were used as the secondary standards for data quality control and the obtained values are consistent with the recommended values within the associated uncertainties. Each analysis consists of a 20 s background measurement (laser-off) followed by 45 s of data acquisition. Data reduction was performed using ICPMSDataCal software [52] . ISOPLOT 3.0 software [53] was used to construct the Tera-Wasserburg diagram. 
Results

Garnet Petrography
Based on the mineral assemblage and texture, the U-rich garnet from W297 and W281 may represent for two distinct types of garnet that are well developed in the Beiya skarn deposit. Garnet type I (abbreviated as Grt I; e.g., sample W297) is characterized by coarse-grained (0.3-5 mm diameter), anisotropic and anhedral to subhedral texture (Figure 4a-e) . Grt I grains exhibit polysynthetic twinning under the cross-polarized light (Figure 4b-d) , most of which are cracked and filled with or enclosed by biotite, chlorite, plagioclase and pyroxene (Figure 4a-d) . Some cracks in Grt I grains are filled by magnetite (Figure 4e ). Garnet type II (abbreviated as Grt II; e.g., sample W281) grains are euhedral, isotropic and medium to fine-grained (0.05-2 mm diameter) (Figure 4f-g ). Most of Grt II grains are well-preserved with less fractures compared with Grt I. Some interstices of Grt II grains are filled by the hydrous minerals such as epidote (Figure 4f-g ). There are also minor garnet pieces (Grt I) preserved showing polysynthetic twinning extinction character in W281 (Figure 4h ), and they were commonly enclosed by the garnet with complete extinction texture (Grt II). Similarly, some garnet grains exhibit core-rim textures (Figure 4i) , with the cores cracked and filled with chlorite and magnetite and the rims well-preserved with less fractures, which probably represent for Grt I and Grt II, respectively. The paragenetic relationships between the two types of garnet indicate that there might be two generations of garnet and Grt I probably formed earlier than Grt II. 
Major and Trace Elements of Garnet
Major element compositions of the two Beiya garnet types are summarized in Table 1 . Grt I (W297) has uniform SiO 2 (37.5-39.1 wt %) and CaO (31.6-32.7 wt %), with Al 2 O 3 and FeO concentrations of 0.6-3.8 wt % and 22.8-26.4 wt %, respectively. Grt II (W281) also exhibits uniform SiO 2 (36.5-38.3 wt %) and CaO (32.3-34.5 wt %), with Al 2 O 3 and FeO concentrations of 0.3-5.7 wt % and 20.6-28.9 wt %, respectively. Grt II exhibits slightly higher FeO content than Grt I with the average values of 25.0% and 24.5%, respectively. As shown in Figure 5 , the Beiya garnet samples belong mostly to the grossular-andradite solid solution. Grt I ranges in composition from Adr 68.5 Grs 20.3 to Adr 86.3 Grs 3.4 , with moderate amounts of pyralspite (almandine + spessartine + pyrope, average: 9.5%). Grt II has lower pyralspite content (average: 3.7%) than Grt I ( Figure 5 ), and ranges in composition from Adr 69.0 Grs 26.8 to Adr 93.5 Grs 1.5 . Cations on the basis of 12 oxygens Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0. .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0. 
Garnet U-Pb Ages
The U-Pb isotope results of Grt I and Grt II are presented in Table 3 . U-Pb ratios vary in the Beiya garnet are generally discordant due to the presence of common Pb. Thus, we take the lower intercept date to represent the garnet age. On Tera-Wasserburg diagrams (Figure 7) , the data from Grt I and Grt II define two linear arrays, giving lower intercept ages of 35.8 ± 0.8 Ma (MSWD = 0.9, n = 20) and 34.0 ± 2.1 Ma (MSWD = 1.2, n = 16), respectively. 
Discussion
Geochronology of the Beiya Garnet
In this study, lower intercept ages in the Tera-Wasserburg diagram are taken to represent the crystallization age of garnet [55] . It is not only because the Beiya garnet have large initial common Pb contents, but also because this approach has been proven to be more suitable for young (~35-~3 Ma) garnet [55, 56] . The larger analytical uncertainty associated with the U-Pb age for Grt II (34.0 ± 2.1 Ma) most likely results from the lower U and higher common Pb contents than Grt I (35.8 ± 0.8 Ma) ( Table 2 ; Figure 7 ), since the calculated uncertainty is inversely correlated with both of the latter features. In general, matrix-matched reference materials are needed for LA-ICP-MS U-Pb analysis, however, to date the availability of a high-quality garnet standard for LA-ICP-MS dating analysis is lacking. The garnet standard Willsboro Andradite [55] (~1020 Ma, Adirondacks, USA), which contains almost exclusively radiogenic Pb and yields a mean 206 Pb/ 238 U age of 1022 ± 16 Ma (ID-TIMS) is useful. However, the Willsboro Andradite has low U content (approximate 1 ppm) and hence yields large uncertainties associated with the isotope ratio measurements, which makes it an unsuitable reference material for this study. Previous studies have shown that accurate and precise garnet U-Pb ages can be obtained by using larger laser spot sizes and non-matrix matched external standards, such as zircons (91500 and GJ-1) [14, 56] . Therefore, the non-matrix matched external zircon standard 91500 was used in this study.
Paragenetic evidence indicates that the Beiya garnet was formed during the prograde skarn stage. Our age data reported here indicate that the Beiya skarn alteration initiated at around 35.8 Ma. Previous studies suggested that the Beiya ore-related porphyry were emplaced at 36.1 ± 0.4 Ma [23] , and that the Beiya retrograde skarn alteration occurred at 33.1 ± 1.0 Ma based on titanite U-Pb ages [48] . Given the uncertainties associated with the age determinations, the Grt I date overlaps with that of the zircon age for the porphyry, and the Grt II date is within uncertainty of the titanite date for the retrograde alteration. The garnet data is consistent with previous studies given the associated uncertainties, which reflects the reliability of the garnet U-Pb dating technique used in this study, and provides an alternative choice when studying the geochronology of skarns.
Beiya has been studied for many years, and its geology, geochemistry and geochronology are well established, which benefit the new garnet chronometer test and application. The important implications for garnet U-Pb dating are: (1) for some distal skarn alteration such as the skarn Pb-Zn deposit, the minimum age of mineralization is difficult be constrain by the correlated intrusions since most ore-related intrusions are distant from the mineralization zones; (2) for most skarn deposits that have clear petrogenetic relationship with their associated intrusions, their ages are usually constrained by the intrusion age (e.g., zircon U-Pb). However, it is well established that garnet crystallization occurs during or slightly after magma emplacement. Therefore, the garnet U-Pb dating, if possible, may provide a more precise minimum age for either the skarn alteration or the mineralization ages.
Metallogenic Implications
Previous studies suggest that the incorporation of U, REEs and Y into garnet is mainly controlled by crystal chemistry, which is possible by replacement of X 2+ cations such as Ca 2+ in the dodecahedral position on the basis of ionic radius (i.e., Equations (1) and (2) 
However, increasing evidences show that the incorporation of Y, REEs and U into garnet is not only controlled by its crystal chemistry, but also affected by the external factors such as fluid composition, W/R ratios, physicochemical conditions, mineral growth kinetics and metasomatism dynamics [5, 16, 57] . In this study, positive correlations are found between U and LREE contents (Figure 8a) , implying that the incorporation of U into Beiya garnet is possibly controlled by a substitution mechanism [14] . The same correlation between U and ΣREEs (Figure 8b) probably results from the strong enrichment in LREEs relative to HREEs because no positive correlation could be found between U and HREE contents (Figure 8c ). However, there is no linear relationships between Y and REE concentrations, REE and Al concentrations, REE and Ca concentrations, as well as REEs and Fe 3+ concentrations in both Grt I and Grt II (Figure 8d-g ). This implies that the incorporation of those trace elements into the Beiya U-rich garnet was not governed solely by isovalent and coupled substitution mechanisms, but may be strongly governed by fluid and rock chemistry (surface adsorption and occlusion) [58] .
The Beiya ore-forming fluids were suggested to be magma-derived [42] , and the REE patterns of Grt I and Grt II are similar to those of the magmatic-hydrothermal fluids, as featured by the LREE-enrichments, HREE-depletions and varying positive Eu anomalies ( Figure 6 ). Such phenomena corroborate the occurrence of infiltration metasomatism, in which the fluid-dominant system can significantly change the REE content of the rocks [59] , and the REE patterns of garnet could follow the pattern of magmatic-hydrothermal fluids. Similar REE pattern of garnet could be found in andradite-rich garnet from the skarn Fe deposit in North China Craton [14] . Therefore, we propose that the Beiya high-U garnet was likely formed via infiltration metasomatism, which is commonly associated with Fe-rich minerals. During the infiltration metasomatism, the Beiya garnets may have grown rapidly in magmatic-derived fluids under high water/rock ratio conditions, therefore the adsorption probably has a major control on the REE patterns of the Beiya garnet. These features (the Fe-rich garnet commonly grow rapidly by infiltration metasomatism with high W/R ratios in magmatic-derived fluids) of Beiya garnet are similar to the garnet from the Crown Jewel gold deposit, one of the largest Au skarn deposits in North America [5, 60] .
It is suggested that pH has a major effect on REE fractionation [59] ; under mildly acidic conditions, chlorine in hydrothermal fluids would enhance the stability of soluble Eu 2+ , resulting in positive Eu anomalies [17, 61] ; whereas under near neutral conditions the fluids are HREE-enriched and LREE-depleted with negative or no Eu anomaly [16, 59] . At Beiya, Grt I exhibits clear positive Eu anomalies, but Grt II shows weak or no Eu anomalies with smaller LREE/HREE fractionation than Grt I, which indicate that Grt I and Grt II may have formed under a mildly acidic and near neutral condition, respectively. U content in garnet can be used to determine the redox conditions of hydrothermal fluid systems [5, 16, 17, 19] . Based on ionic radius, U 4+ is much more likely to substitute into garnet than U 6+ [19] . Therefore, the lower concentration of U and higher Th/U ratio in Grt II indicates a more oxidizing (higher f O 2 ) condition than that of Grt I (Figure 8h) .
At Beiya, paragenetic observations and U-Pb dating reported in this study suggest that Grt I (relatively Fe-low) was formed slightly earlier than Grt II (relatively Fe-rich), which is consistent with most of the Cu-Fe skarn-related garnets worldwide [5] . The physicochemical ore-forming condition changes we proposed here could have major influence on the incorporation of trace elements into the garnet crystal lattice [16] . Based on the U contents, REE patterns and Eu anomalies of Grt I and Grt II (Figure 8h) , the hydrothermal fluid evolution in the Beiya prograde skarn alteration stage could be summarized as a transition from a relatively reduced and acidic fluid system to a relatively oxidized and neutral one. 
Conclusions
(1) Two types of U-rich garnet are distinguished from the Beiya skarn ores: Grt I and Grt II. Both Grt I and Grt II are Fe-rich grandites, although Grt II is richer in Fe than Grt I. Grt I and Grt II yield lower intercept U-Pb ages of 35.8 ± 0.8 Ma and 34.0 ± 2.1 Ma, respectively, which is consistent with previous studies within uncertainty and provides a reliable alternative in dating skarn alteration/mineralization. (2) Trace element characteristics of Grt I and Grt II suggest that from the early to late prograde skarn, the ore-forming fluids may have changed from being relatively reduced and acidic to relatively oxidized and neutral.
